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Abstract

Low frequency plasma waves at Mars by

Jared R. Espley

Mars Global Surveyor’s magnetometer/electron reflectometer (MAG/ER) exper-
iment has returned over eight years of observations of low frequency plasma waves
produced in the interaction of the solar wind with the Martian ionosphere. Using
the MAG/ER data, I identify the properties and physical origins of the waves in
the magnetosheath, magnetic pileup region, and ionosphere. I find that the waves
in the dayside magnetosheath are predominately mirror mode instabilities produced
by plasma temperature anisotropies arising from the draping of the solar wind mag-
netic field around the ionosphere. The nightside magnetosheath shows evidence for
resonant ion instabilities arising from the interaction of the solar wind plasma with
the ionospheric plasma. These waves are therefore an indirect observation of ongoing
atmospheric loss at Mars. During the large solar storm of October 2003, dramatic
changes were observed in the plasma waves present; even the normally placid tail
region showed signs of significant wave activity. Coherent oscillations are observed in
the ionosphere and are presumably driven by solar wind fluctuations or are associated

with field line resonances along crustal fields.
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Chapter 1

Introduction

1.1 Background information

Mars has fascinated humanity for millennia. In the modern age, Mars has been
the focus of serious scientific inquiry for several decades. In many ways, Mars is the
object in the solar system that is the most similar to our own Earth. It possesses a
thin but dynamic atmosphere and its cold desert-like landscapes show evidence for
wind, water, and volcanic processes. Understanding Mars as a planetary system aids
in understanding our own planet. The likely future presence of human explorers on
Mars provides further motivation for its study as does the tantalizing possibility of
past or even present life on Mars. Despite the research done to date, much remains
unknown about Mars as a planetary system. This thesis explores one such aspect of
Mars, which hitherto had remained relatively unknown - that of low frequency plasma
waves in the near Mars space.

Mars lacks a global intrinsic magnetic field [Acuna et al., 1998], so its interaction
with the solar wind is similar to the Venusian [Cloutier et al., 1999] and cometary

[Mazelle et al., 1995] interactions. The solar wind interacts directly with these ob-



jects’ ionospheres which form the principal obstacles to the flowing solar wind. Such
interactions produce what are sometimes called induced magnetospheres [ Luhmann et
al., 2004], which share some characteristics with intrinsic magnetospheres such as the
Earth’s or Jupiter’s but also demonstrate significant differences. In the case of Mars,
patches of the Martian crust are highly magnetized and also contribute to standing off
the solar wind by the creation of mini-magnetospheres [Acuna et al., 1998]. For the
strongest crustal fields, the mini-magnetospheres protrude above the ionopause [Brain
et. al., 2003] and protect the atmosphere that lies below them just as the Earth’s
global magnetosphere protects the terrestrial atmosphere from the solar wind. In all
cases, such induced magnetospheres produce a variety of plasma boundaries and fluc-
tuations as the solar wind plasma streams past plasma created from the atmospheres
of the objects.

In general, the main boundary produced is a bow shock where the supersonic
solar wind is slowed as it is diverted around the obstacle created by the ionosphere.
Additional boundaries are commonly produced downstream of the shock. In the
case of Mars, one such boundary is the magnetic pileup boundary (MPB) which was
identified by Vignes et al. [2000] using data from the Mars Global Surveyor (MGS)
Magnetometer/Electron Reflectometer (MAG/ER) investigation [Acuna et al., 1998].
This boundary is the same boundary as the planetopause reported by Trotignon et
al. [1996] using Phobos 2 data. Similar boundaries have been identified at comets

[Neubauer et al., 1986] and at Venus [Bertucci et al., 2003]. The region between the



bow shock and MPB is called the magnetosheath (sometimes abbreviated MS). The
region below the MPB is called the magnetic pileup region (MPR) and has its lower
boundary in the photo-electron boundary (PEB), where the majority of the electron
spectra are characteristic of electrons of planetary origin and which is, therefore,
probably associated with the ionopause [Mitchell et al., 2000]. A region sometimes
called the tail or magnetotail is present on the nightside below the MPB, although a
distinct boundary between the nightside MPR and the tail has not been identified.
Figure 1.1 shows a schematic diagram (approximately to scale) illustrating the regions
and boundaries just enumerated. The solar zenith angle (SZA) measures the angle
from the Mars-Sun line shown in figure 1.1.

Besides plasma boundaries, magnetic and plasma disturbances are important and
common features created by solar wind interactions. As will be explored in more
detail later in this thesis, such phenomena are interesting for a number of reasons.
In a collisionless plasma (such as the solar wind and some regions of ionospheres)
these fluctuations act as a key method of redistributing energy in the system. Un-
derstanding the waves modes present allows indirect probing of the physical plasma
properties such as the particle pressure, the magnetic pressure, number density, and
temperature. At Mars, they are related to pickup ion processes and are therefore im-
portant to studies of atmospheric loss and climate change [Jakosky and Phillips, 2001].
Studying these fluctuations is important in order to understand the energetic particle

environment at both the surface and in space (“space weather”), and to understand
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Figure 1.1: A schematic diagram (approximately to scale) illustrating the regions of the
Martian interaction with the solar wind. Not shown are the complications introduced by
the crustal magnetic field sources. The MPB is the magnetic pileup boundary and the PEB
is the photo-electron boundary. Adapted from Crider et al [2003].

the origin of low frequency electromagnetic signals detectable at the surface.
This thesis uses data returned from the MGS MAG/ER investigation to observe
low frequency plasma waves in the Mars system and attempts to identify the physical

origin and implications of these waves.



1.2 A note about terminology

Traditionally, in space plasma physics, the term low frequency (LF) refers to fluc-
tuations at about the natural frequencies of a plasma (such as the plasma frequency
or the ion gyrofrequency). The term ultra-low frequency (ULF) has been used to refer
to frequencies below the dominant local ion gyrofrequency. This usage stands in con-
trast to the terminology employed in a common plasma physics handbook, the NRL
Plasma Formulary [Huba, 1998]. There, ULF waves are defined as having frequencies
less than 30 Hz and LF waves as having frequencies between 30 and 300 kHz.

It is also common in space plasma physics to refer to ULF waves as magnetohydro-
dynamic (MHD) waves regardless of whether the theory of magnetohydrodynamics or
a kinetic based theory (such as Vlasov theory) is used to describe them. Likewise, the
term plasma waves is sometimes used to mean only waves near the plasma frequency
of the plasma.

In this thesis, I use the term low frequency to refer to all fluctuations with fre-
quencies near and below the local ion gyrofrequency. I also reserve the term magne-
tohydrodynamics for the theory and do not use it to refer to any particular frequency
range. Likewise, when I use the term plasma waves I refer simply to waves in a plasma
and am not referring to a particular frequency band.

I use the terms waves and oscillations more or less interchangeably to mean varying
quantities that have periodic structure. The terms fluctuation and perturbation are

usually used more broadly to refer to quantities that are changing which may or may



not be periodic. Instability is generally used to refer to variations that are not clearly

periodic but that grow in amplitude over time.

1.3 Previous work

Studies of terrestrial low frequency magnetic waves started as early 1861 by Bal-
four Stewart when he recorded magnetic fluctuations that he correctly ascribed to cur-
rents in the ionosphere [Kivelson, 1995]. Work continued in the subsequent decades
but the field made rapid progress with the advent of the space age in the 1950s.
Numerous near Earth probes explored the Earth’s magnetosphere and produced a
wealth of information about low frequency plasma waves which allowed theories to
be constructed that connected the observations on the ground with the observations
made in space. Several review articles provide an overview of the modern state of
the field [Gary et al., 1993; Hubert, 1994; Omidi et al., 1994; Lacombe and Belmont,
1995; Kivelson, 1995; Schwartz et al., 1996].

Using data from a variety of interplanetary probes, studies of low frequency plasma
waves have been done for most objects in the solar system, though with unequal
degrees of completeness. We focus here on reviewing previous work on Mars itself
and other similar unmagnetized obstacles to the solar wind.

Huba and Strangeway [1997] summarize in a review article much of the current
understanding of plasma waves at Venus. Plasma waves have been found across many

frequency ranges and the observations include waves observed both upstream of the



bow shock and in the regions between the bow shock and the ionosphere. At the low
frequency (LF) range however, comparatively little work has been done, especially
downstream of the bow shock. Strangeway and Crawford [1995] and Orlowski et al.
[1990] identified some LF oscillations in the region upstream of the Venusian bow
shock, and Orlowski et al. [1994] were able to compare such oscillations to specific
wave modes predicted by linear Vlasov theory and Hall-MHD theory. Brace et al.
[1983] were able to identify LF waves in the nightside ionosphere of Venus. Luhmann
et al. [1983] determined that LF fluctuations in the Venusian magnetosheath could be
associated with fluctuations at the shock that are convected into the magnetosheath.
Winske [1986] offered an alternative explanation associating the fluctuations with
beam instabilities created by the interaction of the solar wind with newly born ions
of planetary origin. Luhmann et al. [1987] examined the role of plasma fluctuations
and quasi-parallel shocks on pickup ion escape. Recent work by Grebowsky et al.
[2003] identifies LF waves associated with pickup ions in the Venusian ionosheath.
LF waves at comets have received more study. Several review papers lay out the
basic theory and observations of LF waves at comets |Lee, 1989; Ip and Azxford, 1990;
Tsurutani, 1991a; Tsurutani, 1991b]. Several papers report observations made of LF
waves both upstream of cometary bow shocks and downstream in the cometary mag-
netosheaths and the magnetic pileup regions [Tsurutani and Smith, 1986a,b; Glass-
meter et al., 1987; Mazelle et al., 1991; Glassmeier and Neubauer, 1993; Glassmeier

et al., 1993; Neubauer et al., 1993].



At Mars, detailed observations of plasma waves started with the Soviet spacecraft
Phobos 2 [Riedler et al., 1989; Grard et al., 1989; Sagdeev et al., 1990]. LF waves
near the proton gyrofrequency have been observed upstream of the Martian bow shock
using both Phobos 2 data [Russell et al., 1990; Russell et al., 1992; Sauer et al., 1998a;
Tarasov et al., 1998; Delva and Dubinin, 1998] and MGS data [Brain et al., 2002;
Sergis and Moussas, 2002]. Initial reports of LF waves within the magnetosheath
and the magnetic pileup region have also been made using Phobos 2 data [Sauer et
al.,, 1998b] and MGS data [Cloutier et al., 1999; Crider, 1999; Bertucci et al., 2004;
Bertucci, 2003; Grebowsky et al., 2003]. Work on the magnetohydrodynamic theory of
bi-ion plasma waves with specific application to Mars has been carried out by Sauer
et al. [1997; 1999; 2001]. Winningham et al. [2005] used data from the electron
spectrometer aboard Mars Express to characterize fluctuations in the electron fluxes
in the near Mars space.

Lastly, my co-authors and I have published work using MGS data to characterize
in detail the magnetic fluctuations in the magnetosheath [Espley et al., 2004], during
the large solar storm of October 2003 [Espley et al., 2005a], and in the ionosphere
[Espley et al., 2005b]. Much of this thesis replicates and expands on this previous

work.



Chapter 2

The MGS dataset

MGS arrived at Mars in 1997 and since that time the Magnetometer/Electron
Reflectometer (MAG/ER) investigation has been returning a steady flow of data
[Acuna et al., 2001]. When MGS first arrived at Mars it began a slow process of
aerobraking in order to circularize its orbit. During these “pre-mapping” phases of
the mission, MGS sampled a large variety of altitudes and solar zenith angles (SZAs)
as its elliptical orbit was gradually brought down to the circular mapping orbit which
it reached in February of 1999 [Albee et al., 2001]. All data returned since that time
have been from the near circular mapping orbit which has an approximate altitude
of 400 km, an orbital period of 2 hours, and covers 0200 to 1400 in local time. In
this thesis, I use primarily pre-mapping data (phases AB-1, AB-2, SPO1, and SPO2
[Albee et al., 2001]) although occasionally T make use of mapping phase data (such as
when I study plasma waves during the October 2003 solar storm).

The MAG instrument consists of two redundant triaxial vector magnetometers
that provide measurements of the ambient magnetic field with a maximum data rate

of 32 samples per second with a range of 4 nT to 65,536 nT. The data rate varied



between 32, 16, and 8 samples per second according to the telemetry requirements of
the spacecraft. Every 24th datum was recorded at its full value (“full word”) and all
samples in between recorded only the difference from the last full value. This created
both high (using all available samples) and low (using only the full word samples)
time resolution data. Since the magnetometers were located on the solar panels,
currents from some of the electronics onboard the spacecraft produced fields that
were detected by the instruments. However, using a spacecraft magnetic field model
developed from calibration maneuvers, the static and dynamic background has been
largely removed from the low time resolution data [Acuna et al., 2001]. For the high
time resolution data, the dynamic background could not be subtracted because the
engineering data used to calibrate the full word measurements could not be reliably
interpolated to create dynamically calibrated high time resolution data. This dynamic
spacecraft field is expected to vary with the spacecraft spin period of ~ 100 minutes.
Furthermore, even the low time resolution data are estimated to be only reliably
calibrated to within =3 nT. The calibration is expected to be considerably better
(< 0.5 nT) for measurements made on the nightside [J. E. P. Connerney, personal
communication, 2003].

For these reasons, I use the low time resolution data to calculate the magnitude
of the magnetic field which I then use to calculate quantities such as the ion gy-
rofrequencies. I use the high time resolution data to calculate quantities that are

relative to the mean magnetic field and to do spectral analysis. Thus I use the most

10



fully calibrated data when necessary and use the highest time resolution data when
possible.

The ER instrument measures electron fluxes every 2 to 48 secs across 30 energy
channels ranging from 10 eV to 20 keV in 16 geometrically separate sectors. Because
I am interested primarily in the relative densities of electrons in order to compare
them to the fluctuations in the magnetic field, I generally use the omni-directional
flux of the electrons in just one of the energy bins (the 191 eV bin) with the highest
time resolution.

The MGS data used in the study are given (prior to the data processing described
below) in the Sun-state (SS) Cartesian coordinate system. In this system, the Mars-
Sun line is defined as the +x direction, the orbital motion of Mars is the -y direction,
and the +z axis completes the orthogonal set (and is roughly northward on Mars).
This system could also be called the Mars solar orbital (MSO) system since it is
comparable to the geocentric solar ecliptic (GSE) and the Venus solar orbital (VSO)

coordinate systems.
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Chapter 3

Analysis techniques

The central idea of this thesis is to take the time series MAG and ER data,
examine and characterize the fluctuations in those data at different locations and
under a variety of conditions, and compare those characteristics to various theoretical
wave modes and physical models. In this section, I describe in detail my methods of

characterizing the fluctuations.

3.1 Preliminary steps

The most basic step in many of the analysis methods used in this study is the
determination of the mean magnetic field for a given interval. I determine the magni-
tude and direction of this mean field and then rotate the MAG data into a coordinate
system that is aligned along this mean field (MF). In this MF coordinate system, the
principal direction is defined as the direction of the mean magnetic field over some
given time interval (B)), the second direction is perpendicular to the mean field and
contains no z-component from the SS measurements (B 1), and the third direction is

perpendicular to the other two directions (B 5). B, is defined as the vector addition

12



of B|; and B ». Perturbations from the mean field can then be calculated in each of
these directions for every measurement within the time interval.

Determining the appropriate length for this time interval is one of the difficult
issues with this analysis method. Because the measurements are made by a moving
spacecraft, one of the dangers in interpreting perturbations in observed parameters is
that the spacecraft may be simply passing through a variety of plasma regimes with
different characteristics rather than observing intrinsic wave structures. Conversely,
if I were to use too short of a time interval I would be excluding wave modes that
have characteristic periods larger than our chosen time interval. For intervals selected
manually, I was able to choose intervals that do not obviously contain dramatic, global
changes in the magnetic field signature (large discontinuities or steeply changing mean
magnitudes). For statistical studies, where I wanted to include all possible data and
manual selection of each interval was not feasible, I chose to use two interval lengths
— 60 seconds and 600 seconds. In order to prevent features at the edges of particular
intervals from being neglected, I incremented the start times of the intervals by 30
and 300 seconds, respectively.

Using the rule of thumb that a fluctuation needs to repeat at least three times
before it can reasonably be called periodic, the analyses done with an interval of 60
seconds can be expected to reflect oscillations with frequencies as low as 0.05 Hz.
Based on the observed magnetic field magnitude in the near Mars space of order 10

n'T, the expected order of magnitude of the proton gyrofrequency should be 0.1 Hz.
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Thus it is plausible that an interval of 60 seconds will capture fluctuations associated
with proton gyromotion. Furthermore, given the MGS speed of approximately 5
km/s then MGS will have travelled about 300 km in the interval. This distance is
significantly smaller than most of the major regions in the near Mars space.

An interval of 600 seconds however spans a distance of approximately 3000 km
which is approximately one Mars radius and would potentially allow MGS to cross
into different plasma regions during the interval (e.g. passing from the bow shock all
the way across the magnetosheath at low solar zenith angles). However, a 600 second
interval allows frequencies as low as 0.005 Hz to be sampled. This range includes the
expected oxygen gyrofrequency of order 0.01 Hz. Thus, I include this interval range
in my analyses despite its large spatial extent because of the possibility of detecting
waves associated with ions of planetary origin.

As one last step in this initial process, I remove any large scale trends in the
transformed vector components (up to third order polynomials) since these types
of long period changes are the type of trends I am trying to avoid by choosing a
sufficiently short time interval. All this preliminary work then allows me to perform

a variety of analyses as described below.
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3.2 Specific Analyses

3.2.1 Longitudinal, transverse, tangential, and radial amplitudes

In order to determine whether the waves were predominately longitudinal (i.e.
compressional like a sound wave) or transverse (like a plucked guitar string) I calcu-
lated the average amplitude of the perturbations in the direction perpendicular to the
mean field (65, ) and in the perturbations parallel to the mean field (65B)). In order
to measure the size of the amplitude of each “peak to valley”, I found all points of
local maximum or minimum by finding all points that were either greater (or smaller)
than the previous three and following three data points. Taking all these local ex-
trema together allows me to calculate the mean value for the average amplitude of
the each of the magnetic field components for the interval.

In a similar fashion, I am able to calculate the amplitudes of the fluctuations
parallel to the planetary surface (i.e. tangential or horizontal) and those perpendicular

to this plane (i.e. radial or vertical).

3.2.2  Direction of wave vector, ellipticity

In order to possibly find the direction of the wave vector (or direction of propa-
gation for moving structures) I use minimum variance analysis. Minimum variance
analysis works by finding the direction of the minimum variance of the mean magnetic
field. Mathematically, this direction is found by solving for the eigenvector associ-

ated with the minimum eigenvalue of the covariance matrix [Sonnerup and Cahill,
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1967; Means, 1972; McPherron et al., 1972; Arthur et al., 1976; Song and Russell,
1999]. Basically, one finds the axes of the three dimensional variance ellipsoid for a
given interval of magnetic field measurements. Each axis of the variance ellipsoid is
an eignevector of the covariance matrix. The direction of the mimimum eigenvalue
eigenvector is then assumed to be the direction of propagation of the wave (or in
the case of stationary structures to be the direction of the wave vector) which is a
valid assumption for wave modes such as the standard MHD wave modes (Alfvén,
fast, and slow magnetosonic waves) since these wave modes have variations that are
always perpendicular to the direction of propagation. Likewise, this method assumes
planarity of the waves and also assumes that one major wave mode dominates such
that the wave vector direction determined is of that mode. Additionally, this method
of determining the wave vector does not work well for waves with nearly linear po-
larization since the minimum and intermediate eigenvalues are very similar in such a
case [Song and Russell,, 1999; Knetter et al., 2003; Hausman et al., 2004]. Because
of these assumptions and caveats, it is important to view with caution any results
from MVA analysis, although I retain my results here as first order approximations
for the direction of propagation.

I am also able to calculate the ellipticity of the ellipse produced by the eigenvectors
of the largest two eigenvalues of the covariance matrix (cf. eqn. 3.4b of Song and
Russell, [1999]). That is to say, I find the ellipticity of the fluctuations perpendicular

to the direction of propagation for the wave. Using this analysis, an ellipticity of 1

16



represents a perfectly circularly polarized wave, whereas an ellipticity of 0 represents

a perfectly linearly polarized wave.

3.2.3 Sense of polarization

Using the data in the MF coordinate system, I am able to calculate the relative
mean sense of polarization for a given interval. In other words, I calculate which
direction B is rotating around the mean field — counter clockwise (right handed
like an electron) or clockwise (left handed like an ion). In order to calculate this, T
simply add one every time the B, vector moved counter clockwise and add negative
one every time it moves clockwise and then normalize by the number of data in the
interval. This gives me a value for the relative average sense of polarization in the
interval ranging from 1 (entirely right handed) to -1 (entirely left handed). This is
similar to the difference in phase shift calculation suggested by Rankin and Kurtz [pg.

5452, 1970).

3.2.4 Correlation between MAG and ER data

Another analysis technique that I use is the comparison of fluctuations in the
magnetic field to the fluctuations in the ER flux data. Since I am interested mainly in
any correlations between plasma density variations and magnetic field flux variations,
I want to use a measurement of electron flux that best represents the general plasma
characteristics. Because of this, I use the omni-directional flux of 191 eV electrons

since this energy bin has the highest datarate of the available bins and is also near the
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center of the observed spectral energy distribution [Mitchell et al., 2001]. I first find
the relative fluctuations in flux of the 191 eV electrons for a given interval. As with
the magnetic field data, I cubicly detrend the data to remove undesired large scale
changes. I then find the Spearman correlation coefficients between these fluctuations
and the fluctuations in B) and the B, components. The Spearman coefficient is
a nonparametric correlation coefficient that is 1 if the two time series are perfectly
correlated, 0 if they are perfectly non-correlated, and -1 if they are perfectly anti-
correlated [Press et al., 1992]. Because of the much lower time resolution of the ER
data (which is at best 8 times lower resolution than the MAG data), any correlations
found represent only the lower frequencies fluctuations even for the shorter (i.e. 60

sec) intervals.

3.2.5 Wavelet Analysis

I use wavelet analysis to analyze the frequency domain of the oscillations. Wavelet
analysis is similar to the technique of the windowed Fourier transform in that it can
transform a signal in the time domain into a time resolved signal in the frequency
domain. This allows both techniques to resolve signals in the frequency domain that
are nonstationary (i.e. time varying). Wavelet analysis has the further advantage that
the scalability of the wavelet basis functions allows higher time resolution at the higher
frequencies of the frequency domain where it is needed, and lower time resolution at
the lower frequencies. Torrence and Compo [1998] provide a clear introduction to

wavelet analysis and its application to geophysical signals. In my analysis I use
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the Morlet wavelet with a wave number of six because its shape gives good time
localization. Also, because frequency domain analyses are especially vulnerable to
false wave signals arising simply from the spacecraft motion through different plasma
regimes, I pass the transformed data (which had already been cubicly detrended as
noted earlier) through a low pass filter specific to the region of a given interval. I
attempt to have the filter remove signals that would complete 3 oscillations in the time
it would take MGS to cross a spatially significant distance given the average MGS
speed in the region. For intervals starting outside the bowshock, I set an acceptable
distance of 2000 km (about 2/3 of a Mars radius - cf. fig. 1.1) which produces
a filter that reduces spectral power below 0.0045 Hz. For intervals starting in the
magnetosheath, I set an acceptable distance of 750 km which results in a filter of
0.02 Hz. Below the MPB, I use an acceptable distance of 500 km which results in
a filter of 0.06 Hz. This digital filter reduces but does not remove entirely spectral
power below these frequencies. I use this procedure to wavelet transform |B|, By, and
B, . The data rates of the instruments sometimes shifted according to the telemetry
configuration of the spacecraft, and since such changes can produce spurious signals
in the frequency domain, I also remove intervals that contain data rate changes.
Using such filtered data, I am then able to find the mean peak frequency (i.e. that
frequency showing the greatest spectral power) for a given time interval in each of
the following frequency intervals: 1 to 10 Hz, 0.1 to 1 Hz, 0.01 to 0.1 Hz, and 0.001

to 0.01 Hz (for 600 second intervals only). Generally, for most intervals, spectral
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power decreases from the lowest to highest frequencies so I expect to see the greatest
spectral power at the lowest frequencies of each frequency range. Any intervals in
which the peak frequency is above the minimum for the frequency interval indicates
something physically interesting is occurring there and I note that interval and peak
frequency.

For these same frequency intervals, I am also able to calculate the total spectral
power for a given time interval. This allows me to compare the total spectral power for
the interval for B and B, . This provides an alternative measure (see section 3.2.1)
of whether the waves are predominately longitudinal or transverse and allows this

determination to be made for oscillations that fall within a given frequency interval.
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Chapter 4

General results on waves in the magnetosheath

and MPR

I present in this chapter the results from the analyses described in the previous
chapter. Using data from nearly all pre-mapping orbits, I start first with general
statistical results on the properties of the oscillations found in various regions of near
Mars space. I then present individual intervals exhibiting interesting characteristics

or features.

4.1 General statistical results

One of the questions I am interested in answering is what are the most common
characteristics of low frequency plasma waves in the near Mars space? For example,
if I were to go to the dayside magnetosheath of Mars right now, what would be the
type of plasma waves I would be most likely to encounter? By constructing maps of
the statistical occurrence of various wave characteristics I attempt to answer these
questions. When viewing these general results, it is important to remain cognizant

of the tremendous variety in the characteristics of individual orbits. However, these
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general results provide a benchmark by which we can examine the individual orbits.

4.1.1  Description of the production of the maps

Statistical maps of the most likely characteristics for various wave parameters are
shown in the sections below. I describe in this subsection the process involved in
creating these maps. First, taking results from the analyses described in the previous
chapter I bin all data within two standard deviations of the mean into approximately
20 data bins. Then I find the bin with the largest amount of data, a value I call
the “mode” although it clearly is not the true mode of the distribution. Using this
mode, I find the most likely value for each location in the near Mars space based on
all data from intervals that originated from that location. To depict these locations,
I use the SS or MSO coordinate system described in chapter 2. On the x-axes of the
maps, I plot the distance along the Sun-Mars line and along the y-axes, the distance
away from this line. In order to give some indication of whether the location is in the
southern hemisphere (where the majority of the crustal fields are) or in the northern
hemisphere, I plot locations in the northern hemisphere as having a positive distance
from the Mars-Sun line and those in the southern hemisphere as having a negative
distance from the Mars-Sun line. I use a grid of spatial bins of 0.2 by 0.2 Mars
radii where the Martian radius is approximately 3396 km. On this spatial grid I fill
each box with a color corresponding to the “mode” for that location. I also plot the
location of Mars and the best-fit average locations of the MPB and bow shock [ Vignes

et al., 2000].
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600sec interval Using mode (bin size of 0.050) All data
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Figure 4.1: The average amplitude of the fluctuations divided by the magnitude of the
magnetic field for the 600 second intervals.

4.1.2 600 second intervals

The first statistical result I show is in figure 4.1. There the average amplitude of
the fluctuations (0B) normalized by |B| is shown. Strong, often nonlinear, fluctua-
tions are clearly present throughout the magnetosheath.

Figure 4.2 shows the map of the base 10 logarithm of the B, average fluctuations
divided by the B| average fluctuations for the intervals of 600 seconds. Colors toward

the blue end represent intervals of predominantly compressional waves whereas colors
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600sec interval Using mode (bin size of 0.100) All dato
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Figure 4.2: The log;o of the B, average fluctuations divided by the B) average fluctuations
for 600 second intervals.

toward the red indicate the predominance of transverse fluctuations. The areas of
green color are regions that, on average, have predominance of neither direction. The
fluctuations in the dayside magnetosheath and MPR are predominantly compressional
whereas most other regions show an approximately equal mix. Note that this method
of measuring the amplitudes of the fluctuations is most sensitive to the lower frequency
fluctuations (see chapter 3).

Figures 4.3, 4.4, 4.5, and 4.6 show an alternative method to determine the com-
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600sec interval Using mode (bin size of 0.200) All dato
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Figure 4.3: The logyy of the spectral power ratio of the B average fluctuations and the
By average fluctuations for 1 to 10 Hz range for the 600 second intervals.

pressional versus transverse nature of the waves. They show the base 10 logarithm
of the ratio of B, and B) fluctuations for, respectively, frequencies between 1 and
10 Hz, 0.1 and 1 Hz, 0.01 Hz and 0.1 Hz, and 0.001 and 0.01 Hz. The color scheme
is qualitatively the same. Figure 4.3 shows that the highest observable frequency
fluctuations in the dayside magnetosheath and MPR are more evenly distributed be-
tween compressional and transverse power. Figures 4.4, 4.5, and 4.6 show that the

compressional power in the dayside magnetosheath increases proportional to the tran-
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600sec interval Using mode (bin size of 0.200) All dato
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Figure 4.4: The logyy of the spectral power ratio of the B average fluctuations and the
By average fluctuations for 0.1 to 1 Hz range of the 600 second intervals.

verse power as one examines lower and lower frequencies. This result is consistent
with figure 4.2. Also of interest are the hints of transverse power in the nightside
magnetosheath in all frequency regimes, although these intervals of transverse are
mixed intervals of compressional power.

Figure 4.7 shows the average wave vectors (or directions of propagation for non-
stationary structures) relative to the mean field. Only those intervals that had ratios

3 or greater for the intermediate to minimum eigenvalues of the MVA analysis are
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600sec interval Using mode (bin size of 0.200) All dato
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Figure 4.5: The logyy of the spectral power ratio of the B average fluctuations and the
By average fluctuations for 0.01 to 0.1 Hz range of the 600 second intervals.

shown. This condition resulted in only about half (24,879 of 52,355) of all available
intervals being used. It is obvious that most waves are propagating nearly perpendic-
ular to the mean field throughout the magnetosheath. However, in the outer portions
of the nightside magnetosheath the directions become more mixed and as one moves
out into the region beyond the shock, the wave vectors become more nearly parallel to
the mean field. As with most the analyses in this section, these results are somewhat

dependent on the size of the interval chosen to analyze and hence these results are
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600sec interval Using mode (bin size of 0.200) All dato
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Figure 4.6: The logyy of the spectral power ratio of the B average fluctuations and the
By average fluctuations for 0.001 to 0.01 Hz range of the 600 second intervals.

most applicable to the lowest frequency fluctuations measured.

Figure 4.8 shows the ellipticity of the fluctuations in the directions of maximum
and intermediate variance. An ellipticity of 1 represents perfectly circular polariza-
tion whereas an ellipticity of 0 represents perfectly linear polarization. Most of the
fluctuations in the magnetosheath are moderately elliptical with the ones in the night-
side magnetosheath increasing toward greater circularization. Any fluctuations in the

magnetotail and far upstream of the shock are generally relatively linearly polarized.
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600sec interval Using mode (bin size of 5.000) All data
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Figure 4.7: The wave vector (angle of propagation) relative to the mean field for the
predominant wave form of the interval. Only intervals that have ratios of 3 or greater for
the MVA intermediate and minimum eigenvalues are included.

These results are especially dependent on the lowest frequency fluctuations.

The relative sense of polarization of the B, components is shown in figure 4.9.
The handedness of the fluctuations seems to be a fairly uniform mix throughout all
regions but these results may be skewed by the fact we are observing in the spacecraft
frame which may be moving respect to the plasma frame which itself may be moving
with respect to any propagating waves.

The ratios of the tangential (or horizontal with respect to the planetary surface)
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600sec interval Using mode (bin size of 0.050) All dato
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Figure 4.8: The ellipticity of the components in the directions of maximum and inter-
mediate variance. An ellipticity of 1 represents perfectly circular polarization whereas an
ellipticity of 0 represents perfectly linear polarization.

and radial (or vertical) amplitudes are shown in figure 4.10. Throughout most of the
magnetosheath the ratios are about equal. In the lower parts of the dayside mag-
netosheath and especially in the northern hemisphere of the MPR, the horizontal
amplitudes are larger. The opposite seems to be true in the far nightside magne-
tosheath.

Figures 4.11, 4.12, and 4.13 show the correlation coefficients between the 191
eV electron flux and, respectively, the |B| fluctuations, the B fluctuations, and the
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Figure 4.9: The relative sense of polarization for the 600 second intervals. Bluer colors
are representative of left handed polarization being more likely and redder colors indicate
that right handed polarization is more likely.

B, fluctuations. A coefficient of 1 represents a perfect correlation, a coefficient of
0 represents no correlation at all, and a coefficient of -1 represents a perfect anti-
correlation. Throughout the dayside MPR and magnetosheath, the |B| fluctuations
tend to be anti-correlated with the electron flux fluctuations, whereas in the nightside
magnetosheath, they are clearly correlated. Figure 4.12 shows that the strongest anti-
correlations for the B) fluctuations occur in the northern MPR. Figure 4.13 shows
that the B, are only weakly anti-correlated in the dayside MPR and magnetosheath.
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600sec interval Using mode (bin size of 0.050) All dato
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Figure 4.10: The ratios of the tangential (horizontal relative to the planetary surface) and
radial (vertical) amplitudes for the 600 second intervals.

4.1.83 60 second intervals

Turning now to the analyses done for intervals of 60 seconds, it is apparent that
the results are generally similar to those for the 600 second intervals although there
are some differences. Figure 4.14 shows that the fluctuations are still largest in the
magnetosheath but in this case they are more likely to be linear (e.g. B/|B| < 0.10).
Figure 4.15 shows that the fluctuations in the dayside magnetosheath and MPR still

tend towards compressional power although less dramatically than in the case for the
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600sec interval Using mode (bin size of 0.050) All dato
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Figure 4.11: The correlation coefficient between the 191 eV electron flux and the |B| data
for the 600 second intervals. A coefficient of 1 represents a perfect correlation, a coefficient of
0 represents no correlation at all, and a coefficient of -1 represents a perfect anti-correlation.

600 second intervals. Other regions show a relatively even mix of compressional and
transverse power. Unfortunately, because of the relatively few data points contained
in the 60 second intervals, these intervals proved to be too short produce reliable
wavelet transforms except for those periods in which the instruments were operating
at their highest data collection rates. The resulting intervals are too sparse to make
very uniform maps and hence I omit them.

Figure4.16 shows the wave vector for the dominant wave mode for those intervals
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600sec interval Using mode (bin size of 0.050) All dato
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Figure 4.12: The correlation coefficient between the 191 eV electron flux and the B data
for the 600 second intervals. A coefficient of 1 represents a perfect correlation, a coefficient of
0 represents no correlation at all, and a coefficient of -1 represents a perfect anti-correlation.

(about half) that had MVA intermediate to minimum eigenvalue ratios of 3 or greater.
The results are very similar to figure 4.7. The ellipticity of the fluctuations is shown
in figure 4.17. Again, the results are similar to those for the 600 second intervals. The
senses of polarization are nearly equally distributed between left and right handed,
as they were for the 600 second intervals, and hence I do not show the map of
this uniform distribution. Figure 4.18 shows the ratio of the tangential and radial
oscillations. Continuing the trend, the results are similar to figure 4.10 although some
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600sec interval Using mode (bin size of 0.050) All dato
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Figure 4.13: The correlation coefficient between the 191 eV electron flux and the B, data
for the 600 second intervals. A coefficient of 1 represents a perfect correlation, a coefficient of
0 represents no correlation at all, and a coefficient of -1 represents a perfect anti-correlation.

difference do appear. The trend towards larger tangential fluctuations in the dayside
magnetosheath and MPR is more pronounced in the 600 second intervals; in the 60
second intervals only within the MPR does a significant inclination towards tangential
oscillations appear.

Figures 4.19, 4.20, and 4.21 show the correlation coefficients for the electron flux
data and the magnetic field magnitude and time series. The maps are less complete
than the ones for the 600 second intervals because the shorter interval often did not
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Figure 4.14: The average amplitude of the fluctuations divided by the magnitude of the
magnetic field for the 60 second intervals.

allow sufficient ER data to be collected to make a correlation analysis. However,
there is still enough data to see that there is still an anti-correlation between the
electron flux fluctuations and the | B| fluctuations in the dayside magnetosheath (fig-
ure 4.19). However, figure 4.21 shows that there is relatively little correlation in the
B, component but that the B) component (figure 4.20) does have a correlation, es-
pecially in the southern hemisphere (where most of the crustal fields are). This is

different from the 600 second intervals where the B were more likely to be anti-
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Figure 4.15: The logyo of the B, average fluctuations divided by the B average fluctua-
tions for 60 second intervals.

correlated in the northern hemisphere and the B, component showed some, albeit

small, anti-correlations.

4.2 Case studies

In order to more fully understand the general statistical results presented in the
previous section, I present several example intervals that illustrate many of the char-

acteristics just identified statistically. Many tens of thousands of other intervals are
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Figure 4.16: The wave vector (angle of propagation) relative to the mean field for the
predominant wave form of the interval. Only intervals that have ratios of 3 or greater for
the MVA intermediate and minimum eigenvalues are counted.

available and surely much interesting science awaits to be discovered in them. Many
of these other intervals will also illustrate properties that are not compatible with the
statistical properties just described. This is to be expected given the large variations
in solar cycle averaged over in the statistical results. The intervals here were specifi-
cally chosen to demonstrate some of the statistical results and I leave the analysis of

many of the other individual orbits for future work (though see chapters 5 and 6).
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60sec interval Using mode (bin size of 0.050) All dato
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Figure 4.17: The ellipticity of the components in the directions of maximum and inter-
mediate variance. An ellipticity of 1 represents perfectly circular polarization whereas an
ellipticity of 0 represents perfectly linear polarization.

4.2.1 m98d101

The first case study I include is from 11 April, 1998 (or decimal day 101). The
interval chosen is from the dayside magnetosheath and starts around decimal day
101.192 and lasts for 300 seconds. The top two panels of figure 4.22 show the | B| and
191 eV electron flux for the entire pass with the selected interval indicated by dotted

lines. It is clear that our interval starts at the MPB, which is clearly discernible
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Figure 4.18: The ratios of the tangential (horizontal relative to the planetary surface) and
radial (vertical) amplitudes for the 60 second intervals.

by the sharp increase in |B| and the sharp decrease in the electron flux. The three
panels below show, respectively, the B, B, and relative electron flux fluctuations.
The oscillations of interest are clearly evident in all three components. The upper
right panel shows the location of MGS during the interval and the bottom right panel
shows a hodogram of the magnetic field fluctuations in the directions of maximum
and intermediate variance.

Figures 4.23 and 4.24 show wavelet analyses for the B) and B, fluctuations for
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60sec interval Using mode (bin size of 0.050) All dato
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Figure 4.19: The correlation coefficient between the 191 eV electron flux and the |B| data
for the 60 second intervals. A coefficient of 1 represents a perfect correlation, a coefficient of
0 represents no correlation at all, and a coefficient of -1 represents a perfect anti-correlation.

the interval. The left hand panels show the wavelet power spectra and the right hand
panels show the global (time integrated) spectra. Superimposed are lines indicating
the local proton, helium, and oxygen gyrofrequencies. The B fluctuations show broad
spectral power from 0.01 Hz to around 0.2 Hz (just below the proton gyrofrequency).
The B, fluctuations show spectral power in two main peaks at ~ 0.1 Hz (between the
proton and helium gyrofrequencies) and at ~ 0.02 Hz (nearly exactly at the oxygen
gyrofrequency).
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Figure 4.20: The correlation coefficient between the 191 eV electron flux and the B data
for the 60 second intervals. A coefficient of 1 represents a perfect correlation, a coefficient of
0 represents no correlation at all, and a coefficient of -1 represents a perfect anti-correlation.

Table 4.1 shows some of the measured wave properties of the fluctuations in the
interval. The waves are compressional at all frequencies, and especially in the 0.01 to
0.1 Hz range. They are linear in amplitude, have a wave vector nearly perpendicular
to the mean magnetic field, and are more circularly than linearly polarized. They
show fairly strong correlations with the electron flux fluctuations and have larger
amplitudes in the direction tangential to the planetary surface than in the direction
radially away from the planet. Combined with the spectral analyses, these results
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Figure 4.21: The correlation coefficient between the 191 eV electron flux and the B, data
for the 60 second intervals. A coefficient of 1 represents a perfect corre